The resazurin reduction test (RRT) was subjected to spectrophotometric analysis to evaluate the quality of canine semen. Twenty four samples of canine semen were analysed. The absorption peaks for resazurin and resorufin were determined at 615 and 580 nm, respectively. The RRT ratio (RRT sperm -the ratio for samples containing spermatozoa, RRT plasma -the ratio for samples containing seminal plasma) was calculated by dividing the absorbance at 580 nm by the absorbance at 615 nm. Spearman's correlation test was used to determine the significance of correlations between the analysed sperm parameters and the results of the resazurin reduction assay. The RRT ratio was highly correlated with sperm motility (r=0.68, P<0.01), progressive sperm motility (r=0.61, P<0.01), the subpopulation of cells with rapid velocity (r=0.72, P<0.01), and the subpopulation of cells with medium velocity (r= -0.54, P<0.05). A negative correlation was observed between the reducing capacity of seminal plasma vs. sperm with plasma membrane integrity (r= -0.60, P<0.01) and sperm with normal morphology (r= -0.58, P<0.01). The RRT test can be used as an additional tool for evaluation of the quality of canine semen.
Resazurin is a popular redox dye used in examinations of bacterial and yeast contamination of milk (6) . In oxidized form, the dye has a blue colour. Following a reaction with oxidoreductase enzymes from metabolically active cells, resazurin is reduced to pinkcoloured resorufin and, subsequently, to colourless hydroresorufin (2, 6) .
The resazurin reduction test (RRT) supports the identification of metabolically active spermatozoa (13) . It has been used in semen evaluations in humans (3, 4, 7, 13) , bulls (2), rams (11) , stallions (1) , and boars (15) . Initially, resazurin reduction tests involved a visual detection of colour change (1, 2) . Due to the risk of human error, the resazurin reduction test was modified spectrophotometrically (13, 15) .
The aim of the study was to evaluate the accuracy of the resazurin reduction test by spectrophotometric analysis in assessments of canine semen quality.
Material and Methods
Ejaculate collections. Semen was collected from four mixed-breed dogs (aged 2-6 years), marked A, B, C, and D, once a week for 6 weeks. Sperm concentrations were determined cytometrically using a haemocytometer. The dogs were housed in individual pens and fed a commercial canine feed. Water was available ad libitum. Animal experiments were carried out in accordance with the guidelines set out by the Local Ethics Committee.
Preparation of spermatozoal pellets and seminal plasma. Semen samples containing 50×10 6 spermatozoa were centrifuged at 700×g for 5 min. Seminal plasma was removed from the sperm pellet, transferred to a new centrifuge tube, and centrifuged repeatedly (10,000×g for 10 min). The sperm pellet remaining after the removal of seminal plasma was resuspended in physiological saline solution (0.9% NaCl).
Spectrophotometric assessment of resazurin dye reduction. Specific absorbance wavelengths of resazurin and resorufin were determined before the assay. 12.5 μL of resazurin solution (2 mM resazurin saline solution) was added to each sample of sperm and seminal plasma, and the samples were incubated at 37°C. When the samples turned completely pink, 1.2 mL of n-butyl alcohol was added, and the samples were vortexed. The control sample (blue colour solution) was prepared by adding n-butanol immediately after resazurin. After centrifugation, blue (resazurin) and pink (resorufin) solutions were separated from the clear upper layers of n-butanol, and they were scanned in the range of 400 nm to 700 nm against n-butanol as a blank sample with the use of a spectrophotometer (DU-800, Beckman Coulter Inc, USA). Two major sensitive peaks were determined at 615 nm (resazurin) and 580 nm (resorufin).
Assay procedure. The resazurin reduction test was performed according to the method described by Zalata et al. (13) with some modifications. The volume of 12.5 μL of resazurin solution (2 mM resazurin saline solution) was added to samples containing 50×10 6 spermatozoa and 0.5 mL of seminal plasma. The samples were incubated at 37°C. After 60 min, 1.2 mL of n-butanol was added, and the samples were centrifuged (700×g for 10 min). After centrifugation, alcohol supernatant was transferred to a vial and absorbance was determined at a wavelength of 580 nm (specific absorbance wavelength of resorufin) and 615 nm (specific absorbance wavelength of resazurin). The obtained values were compared with control samples containing n-butanol. The RRT ratio (RRT sperm -ratio for samples containing spermatozoa, RRT plasma -ratio for samples containing seminal plasma) was calculated by dividing the absorbance at 580 nm by the absorbance at 615 nm, according to the method described by Reddy and Bordekar (7) .
Evaluation of sperm parameters. Sperm motility characteristics were evaluated using the Hamilton-Thorne Sperm Analyzer IVOS version 12.3 (Hamilton-Thorne Biosciences, USA). The software settings for the semen analyser were those recommended by the manufacturer for analysis of dog sperm: frame acquired 30, frame rate 60 Hz, minimum cell contrast 75, minimum cell size 6 pixels, straightness threshold 75%, path velocity threshold 100 µm/s, low VAP cut-off 9.9 µm/s, low VSL cut-off 20 µm/s, static size gates 0.80-4.93, static intensity gates 0.49-1.68, static elongation gates 22-84. A droplet of approximately 5 μL was placed in a Makler counting chamber (SefiMedical Instruments Ltd., Israel) at 37ºC, and six fields were examined per sample. The motility parameters determined by the IVOS analyser were: total motility (MOT, %), progressive motility (PMOT, %), subpopulation of RAPID (%), MEDIUM (%), SLOW (%), and STATIC cells.
Sperm plasma membrane integrity (SPMI) was assessed by the dual fluorescent staining technique described by other authors (5), using SYBR-14 and propidium iodide, PI (Live/Dead Sperm Viability Kit; Molecular Probes, USA). Aliquots (10 µL) of stained sperm samples were examined under an epifluorescence microscope (Olympus CH 30, Japan). For each aliquot, approximately 200 sperm cells were classified as spermatozoa with intact or damaged plasma membrane.
Mitochondrial membrane potential (MMP) was assessed in sperm aliquots using a dual fluorescent staining technique with 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbo-cyanineiodide (JC-1) (1 mg/mL DMSO) (Molecular Probes, USA) and PI (10 μL of PI solution in 0.5 mg/mL PBS), according to a previously described method (10) . Aliquots (10 μL) of stained sperm samples were examined under an epifluorescence microscope (Olympus CH 30, Japan). Sperm cells displaying only orange-red fluorescence at the mid-piece region were considered viable spermatozoa with high MMP.
Sperm morphology was assessed by staining sperm smears with the Giemsa staining method according to Watson (12) . Morphological abnormalities were expressed as percentage of the total number of all counted spermatozoa.
The ATP content in spermatozoa was assessed using a bioluminescence kit (ATP Bioluminescence Assay Kit CLSII; Roche Molecular Biochemical). Measurements of ATP content were performed using a Junior Bioluminometer (Berthold Technologies, Germany), according to the assay kit protocol. The ATP content in spermatozoa was calculated from an ATP standard curve and expressed as nmol ATP/10 8 spermatozoa.
Statistical analysis. All values were expressed as the means ± standard deviation (SD). The data was analysed by ANOVA and Duncan's multiple comparison test using the Statistica software package (StatSoft Incorporation, USA). Differences between means were regarded as significant at P≤0.05. Spearman's correlation test was used to determine significant correlations between the results of the resazurin reduction test and the analysed sperm parameters.
Results
The absorbance values for resorufin and resazurin, and the values of the RRT ratio determined in sperm and seminal plasma samples are presented in Table 1 .
Significant differences in the RRT ratio for sperm samples (RRT sperm ) were observed between individuals. The highest value of RRT sperm was reported in sperm samples obtained from dogs A and C. The above ejaculates were also characterised by the highest values of MOT, PMOT, RAPID, and SPMI ( Table 2 ). The RRT ratio for seminal plasma samples (RRT plasma ) was lower (0.81 to 3.0) than RRT sperm . Seminal plasma samples from dog B revealed the highest value of RRT plasma . The above ejaculate was also characterised by the lowest percentage of sperm cells with normal morphology (Table 2 ). Significant positive correlations were observed between RRT sperm and MOT, PMOT, RAPID, and a negative correlation was reported with the subpopulation of MEDIUM sperm cells (Table 3) . RRT plasma was negatively correlated with SPMI (-0.60, P<0.01) and morphologically normal sperm cells (-0.58, P<0.01). 
Discussion
Measurements of resazurin reduction support the identification of metabolically active spermatozoa (13) . In the study, the spectrophotometric method was applied for the first time to analyse canine semen. RRT was performed separately for spermatozoa and seminal plasma samples. In a study of human semen, Zalata et al. (13) observed the maximum absorption of resazurin at a wavelength of 615 nm and the maximum absorption of its reduced form, resorufin at 580 nm. In the conducted experiment, absorbance peaks for resazurin and resorufin were reported at identical wavelengths for spermatozoa and seminal plasma samples. In line with the method proposed by Reddy and Bordaker (7), the RRT ratio was regarded as a measure of resazurin (unreacted) levels and dye concentrations, which were reduced to resorufin.
In most studies analysing the use of RRT in evaluations of semen quality, separate tests were not performed for spermatozoa and seminal plasma (3, 4, 13) . In this experiment, the tested sample contained 50×10 6 spermatozoa because samples containing more than 50×10 6 sperm cells are burdened by significant risk of false positive results, which can probably be related to a very high rate of reduction reactions (8) .
The reliability of RRT in semen evaluations is also determined by the time of sample incubation. Zalata et al. (13) incubated human sperm cells and seminal plasma for 2 h. In a study by Zrimsek et al. (15) , whole boar semen was incubated with resazurin for around 30 min. In this experiment, semen and seminal plasma samples were incubated with a resazurin solution for 1 h. After this time, the colour of all sperm samples changed from blue to various shades of pink. Changes in the colour of seminal plasma samples were less decisive.
Significant correlations were observed between RRT sperm and motility parameters, and the results are consistent with other authors' findings. In a study of human semen, Mahmound et al. (4) found significant correlations between RRT results and sperm cell concentrations (r=0.70, P<0.001), as well as concentrations of motile spermatozoa (r=0.65, P<0.001).
In the work of Reddy and Bordekar (7), the RRT ratio of human semen was significantly correlated with the percentage of motile sperm cells (r=0.889, P<0.001).
In the study, no significant correlations were found between RRT sperm and the ATP content of sperm. In the available literature, significant correlations between RRT results and ATP levels in human semen (r=0.65, P<0.001) were observed only by Mahmound et al. (4) . The cited authors did not provide an interpretation of the above result.
In general, RRT results seem to illustrate the rate of reduction processes in sperm cells rather than ATP synthesis. During metabolic processes (glycolysis/fructolysis, pentose phosphate pathway, and tricarboxyl acid cycle), motile sperm produce reducing equivalents (such as NAPH+H + and NADH+H + ). The presence of reducing nucleotides in sperm cells is an indicator of their metabolic activity (13) . It has been also suggested that diaphorases, NAD(P)-dependent enzymes, are responsible for the reduction of resazurin to resorufin (6, 13) . Diaphorases were found to be active in the sperm cells of humans and many animal species, in particular in midpiece region, which further testifies to their significant role in resazurin reduction (13) . According to Zalata et al. (13) , the addition of NADH+H + to a sperm or seminal plasma suspension significantly intensifies resazurin reduction.
The mechanism behind the reducing ability of seminal plasma has not been completely explained. Sperm with abnormal morphology could be the source of reducing nucleotides and/or nucleotide-dependent enzymes in seminal plasma (13) . NAD(P)-dependent diaphorases were found to be highly active in the cytoplasmic droplets of human spermatozoa (14) . In the experiment, this was confirmed by the fact that the ejaculate of dog B, characterised by the highest value of RRT plasma , contained the smallest percentage of morphologically normal sperm cells and considerable percentage of sperm with cytoplasmic droplets (data not shown). Negative correlations were determined between RRT plasma vs. SPMI and sperm with normal morphology. Mahmound et al. (4) reported the presence of several reducing substances in seminal plasma, including L-ascorbic acid and L-glutathione. In our previous study of antioxidant systems in canine semen, significant levels of the discussed substances in the seminal plasma of dogs were observed (9) .
It can be concluded that the evaluation of RRT results by the spectrophotometric method may provide more accurate information on the quality of canine semen.
